Tryptophan 2,3-dioxygenase [L-tryptophan-oxygen 2,3-oxidoreductase (decyclizing), EC 1.13.11.111 has been reported to act solely on the L-isomer of tryptophan. However, by using a sensitive assay method with D-and L-[ring-2-'4C]tryptophan and improved assay conditions, we were able to demonstrate that both the D-and L-stereoisomers of tryptophan were cleaved by the supernatant fraction (30000g, 30min) of liver homogenates of several species of mammals, including rat, mouse, rabbit and human. The ratio of activities toward D-and L-tryptophan was species variable, the highest (0.67) in ox liver and the lowest (0.07) in rat liver, the latter being hitherto exclusively used for the study of hepatic tryptophan 2,3-dioxygenase. In the supernatant fraction from mouse liver, the ratio was 0.23 but the specific activity with D-tryptophan was by far the highest of all the species tested. To identify the D-tryptophan cleaving enzyme activity, the enzyme was purified from mouse liver to apparent homogeneity. The specific activities toward D-and L-tryptophan showed a parallel rise with each purification step. The electrophoretically homogeneous protein had specific activities of 0.55 and 2.13,mol/min per mg of protein at 250C toward D-and L-tryptophan, respectively. Additional evidence from heat treatment, inhibition and kinetic studies indicated that the same active site of a single enzyme was responsible for both activities.
In the present study, an improved, sensitive and stereospecific assay method for the D-tryptophan cleaving activity was developed. With this assay, D-tryptophan cleaving activity was found in the supernatant fraction of liver homogenates of several species of mammals. This finding prompted us to investigate whether or not indoleamine 2,3-dioxygenase exists in the liver, or whether, in contrast to the previous reports, tryptophan 2,3-dioxygenase acts on both stereoisomers of tryptophan. The enzyme was purified from mouse liver, and was shown to cleave both stereoisomers of tryptophan. The molecular and catalytic properties of the purified enzyme were similar to those of rat liver tryptophan 2,3-dioxygenase, which was also shown to act on both stereoisomers under our assay conditions. The results presented in this paper indicate that hepatic tryptophan 2,3-dioxygenase from mammalian sources metabolizes both D-and L-isomers of tryptophan. The reason for the discrepancy between our results and the results of previous studies is also discussed. from Boehringer Mannheim. All other chemicals were obtained commercially and were used without further purification unless specified.
Preparation ofsubstrates D-Tryptophan was recrystallized twice from hot methanol. The amount of contamination by Ltryptophan in the recrystallized sample was estimated to be 0.095% according to the method described previously (Snell et al., 1937; Prescott et al., 1949) . DL-[14ClTryptophan was purified by Dowex 5OW (X2; H+ form) column chromatography as described previously and was then resolved into radioactive D-and L-tryptophan by cellulose column chromatography with a solvent system of butan-1-ol/pyridine/water (4:4:1, by vol.) (M. Shibata, M. Fujiwara & 0. Hayaishi, unpublished work) .
Animals
Livers were obtained from the following species: goat, dog, rat (Sprague-Dawley), mouse (Slc:ICR) and rabbit, from the Institute of Laboratory Animals, Kyoto University; ox and pig, from the slaughterhouse (Kyoto). Monkey (Macaca fuscata fuscata) livers were provided by Dr. K. Takahashi of the Primate Research Institute, Kyoto University. Human liver (0.3 g obtained at autopsy from a patient who died of cerebrovascular haemorrhage) was provided by Dr. Y. Hamashima of the Department of Pathology, Kyoto University Faculty of Medicine. Animals were adult and male, except for the rats, which were all female.
Enzymes
Formamidase was prepared from rat liver by the method of Knox (1955b) and was further purified as described previously . The final preparation of the enzyme had a specific activity of 24,umol/min per mg of protein at 250C
with N-formyl-L-kynurenine as substrate. This enzyme also acts on N-formyl-D-kynurenine (Loh & Berg, 1973) . The purified tryptophan 2,3-dioxygenases from rat liver and Pseudomonasfluorescens were provided by Dr. Y. Ishimura and Dr. R. Makino of the Department of Biochemistry, School of Medicine, Keio University. Specific activities of these enzymes were 1.1 and 3.4,mol/min per mg of protein at 250C under the standard assay conditions (Schutz & Feigelson, 1972; Ishimura, 1970) , respectively. Superoxide dismutase was purified from bovine erythrocytes by the method of McCord & Fridovich (1969) . Specific activity was 3300 units/mg of protein at 25 0 C.
Buffers
Potassium phosphate buffers at pH 6.5 containing various concentrations of KCI and L-tryptophan were used during the purification of tryptophan 2,3-dioxygenase from mouse liver. The concentrations of the three compounds were varied as follows: buffer A, 10mM-potassium phosphate/ 0.14 M-KCl/10 mM-L-tryptophan; buffer B, 10mM/ 0.90M/lOmM; buffer C, 0.10M/0.50M/10mM; buffer D, 0.70M/0.50M/10mM; buffer E, 10mM/ 0/10mM; buffer F, 0.10M/0.50M/1.OmM. All buffers were saturated with N2 to stabilize the enzyme as described by Schimke (1970) for rat liver tryptophan 2,3-dioxygenase. Buffers used after purification step 2 were bubbled with N2 followed by 100% CO, as the addition of CO was found to be most effective in stabilizing mouse liver enzyme.
Pretreatment ofenzyme before assay
To measure the D-and L-tryptophan cleaving activities of the enzyme at each purification step, L-tryptophan and CO added as stabilizers were removed by the following method. The enzyme preparation (1 ml) was applied to a column (1.0 cm x 25 cm) of Sephadex G-25 equilibrated with 0.5 M-KCl in 10mM-potassium phosphate buffer (pH 7.0) and was eluted with the same buffer at a flow rate of 0.3 ml/min. Fractions (1 ml) were collected. The enzyme, free from tryptophan and CO, was eluted in tubes 9-12 and tryptophan was eluted thereafter (tubes 18 onwards). After purification step 3, the eluted enzyme exhibited an absorption spectrum with a Soret peak at 406nm and minor peaks at around 500 and 630nm. These peaks were not altered either by the addition of 1 mM-ammonium persulphate or by gentle bubbling of CO, indicating that the haem of the enzyme was in the ferric form. Assay ofenzyme activity D-and L-Tryptophan cleaving activities were measured by the following two procedures. All assays were done at 250C except those described in Table 1 , which were done at 370C. Procedure B is about 100-fold more sensitive than procedure A. Procedure A was used to monitor the time course of the reaction, whereas procedure B was used when the crude enzyme was assayed and when high sensitivity was required for the assay of the purified enzyme. The results with the purified enzyme were essentially identical with both procedures.
Procedure A. The formation of N-formylkynurenine was followed spectrophotometrically at 321 nm (e = 3.75 mM-'cm-') with a Shimadzu recording spectrophotometer model UV-300. The standard reaction mixture (1.0ml) contained 50mM-Hepes/ NaOH (pH 7.3), 5.0mM-D-tryptophan or 2.0mM-L-tryptophan, 10uM-Methylene Blue, The photodissociation of the CO-enzyme-Ltryptophan complex was performed by the method described by Gibson (1959) and modified by Taniguchi et al. (1979) . To obtain the CO-enzyme-L-tryptophan complex free from dithionite, column chromatography using Sephadex G-25 was carried out in the dark as described above, except that the buffer contained lOmM-L-tryptophan and was saturated with CO gas.
One unit of enzyme activity was defined as the amount producing lumol of N-formylkynurenine/ min at 250C. Specific activity was expressed as units/mg of protein.
Purification of tryptophan 2,3-dioxygenase from mouse liver All subsequent procedures were performed at 0-40C and centrifugations were carried out at I0000g for 20min unless stated otherwise.
Step 1: crude extracts. One thousand male ICR mice, each weighing approx. 36 g, were injected intraperitoneally twice with a mixture, in 0.9% NaCl (4 ml), of 36mg of L-tryptophan and 1.35mg of hydrocortisone acetate/mouse with a 4 h interval.
The animals were killed 8h after the first inducing dose and the livers were removed and kept frozen at -700C. The frozen livers (1400g) were thawed and homogenized in 3 vol. of buffer A by using a Polytron homogenizer. Homogenates were centrifuged at 13000g for 20min and the supernatant obtained was centrifuged at 100000g for 1 h. The resulting supernatant (3600ml) was referred to as crude extracts.
Step 2: (NH4)2S04 fractionation. The supernatant was fractionated by the addition of solid (NH4)2SO4. The precipitate formed between 33 and 47% saturation were dissolved in buffer C (450ml) and dialysed for 3 h against two changes of 10 litres of buffer F.
Step 3: hydroxyapatite column chromatography.
After insoluble material had been removed by centrifugation, the clear supernatant was diluted approx. 2-fold with buffer C to give a final protein concentration of 53mg/ml. Small amounts (25mg) of sodium dithionite were added to the enzyme solution (1002ml) and then 100% CO was bubbled gently for 10min. Saturation of CO in the solution was checked spectrophotometrically as judged by the increase in A419 owing to the formation of the CO-bound form of the contaminating haemoglobin.
To obtain a more adequate flow rate, the enzyme solution was divided into four parts (250ml each). Each part was then applied to a column (4 cm x 3 cm) of hydroxyapatite equilibrated with buffer C; the enzyme was eluted with buffer D. The active enzyme fractions (60ml) were combined and diluted 5-fold with buffer E.
Step 4: second hydroxyapatite column chromatography. The enzyme solution was applied to a column (4 cm x 8 cm) of hydroxyapatite equilibrated with buffer C. The column was washed with 500ml of buffer C. A linear gradient elution was performed with 300 ml each of buffers C and D. The Vol. 189 active enzyme fractions were eluted at around 0.35M-potassium phosphate buffer. To concentrate the enzyme, the following procedures were carried out: the enzyme solution was diluted with 4 vol. of buffer E, applied to a column (3 cm x 2 cm) of hydroxyapatite equilibrated with buffer C and the enzyme was eluted with buffer D.
Step 5: gel filtration on Bio-Gel A -0.5 m. The concentrated enzyme fraction (7.5 ml, 236 mg of protein) was applied to a column (2.5 cm x 100 cm) of Bio-Gel A-0.5 m equilibrated with buffer A. Elution was performed with the same buffer. Those enzyme fractions having a specific activity greater than 0.22 unit/mg of protein were combined.
Step 6: DEAE-cellulose column chromatographk.
The combined enzyme solution (71 ml) was directly applied to a column (3.2cm x 7cm) of DEAEcellulose equilibrated with buffer A. The column was washed with 100 ml of buffer A and then linear gradient elution was performed with 150ml each of buffers A and B. The active enzyme fractions were eluted at about 0.4 M-KCl.
Step 7: third hydroxyapatite column chromatography. The combined enzyme solution (36 ml) was directly applied to a column (3cm x 3cm) of hydroxyapatite equilibrated with buffer C. The column was washed with the same buffer. A linear gradient elution was performed with 75 ml each of buffers C and D. The active enzyme fractions were concentrated by using a column (1.2 cm x 2 cm) of hydroxyapatite as described in step 4.
Step 8: Sephadex G-200 gel filtration. The concentrated sample (3 ml, 6.3 mg of protein) was applied to a column (2.2cm x 60cm) of Sephadex G-200 equilibrated with buffer A. Elution was performed with the same buffer at a flow rate of about 18 ml/h. The active enzyme fractions having a specific activity greater than 1.6 units/mg of protein were combined.
Step 9: second DEAE-cellulose column chromatography. The enzyme solution (32ml) was applied to a column (2 cm x 4 cm) of DEAE-cellulose equilibrated with buffer A. After the column had been washed with buffer A (100ml), a linear gradient elution was performed with 100 ml each of buffers A and B. Then the active enzyme fractions were combined, concentrated as described in step 4 and stored at -700 C. 39000, 155000 and 165000, respectively), bovine serum albumin (mol.wt. 67000), soya bean trypsin inhibitor (mol.wt. 21 500), and indoleamine 2,3-dioxygenase purified from rabbit small intestine (mol.wt. 40000) (Shimizu et al., 1978) were used as marker proteins for the determination of the molecular weight. Gels were stained with 0.25% Coomassie Blue R-250 and destained by diffusion in 7% (v/v) acetic acid/10% (v/v) methanol. Determination ofmolecular weight Analytical gel filtration was carried out at 40C on a column (2.0cm x 70cm) of Sephadex G-200 previously equilibrated with buffer A. The molecular weight of the enzyme was determined by the gel filtration method of Andrews (1965) . The following proteins were used as standards; beef liver catalase (mol.wt. 250000), yeast alcohol dehydrogenase (mol.wt. 150000), hog kidney D-amino acid oxidase (mol.wt. 100000), bovine serum albumin (mol.wt. 67000), and bovine pancreatic a-chymotrypsinogen (mol.wt. 24 500).
Other determinations
Protein concentrations were determined by the method of Lowry et al. (1951) with bovine serum albumin as standard. Since tryptophan interferes with the protein determination, proteins were precipitated by the addition of 10% (w/v) trichloroacetic acid before the measurement.
The haem content of the purified enzyme was determined as the pyridine-ferrohaemochrome according to the method of Paul et al. (1953) using an absorbance coefficient of 34.4 mM-lcm-1 at 557 nm.
The iron and copper contents of the purified enzyme dialysed for 3 h against 3 litres of buffer A were measured by using a Varian Techtron model 1100 atomic absorption spectrophotometer with a carbon rod atomizer model 63. FeCl3 and haemoglobin were employed as standards for iron determinations and CuCl2 and tyrosinase for copper.
Radioactivity was determined with Packard liquid-scintillation counter model 3385 as described previously .
Results

Effects of various assay conditions on D-and L-tryptophan cleaving activities
Various activators were examined for the optimum assay conditions of the ferrihaem form of tryptophan 2,3-dioxygenase purified from mouse liver, since it has been demonstrated that pseudomonad and rat liver tryptophan 2,3-dioxygenases were inactive in the ferrihaem state and required reductive activation to be converted to the active ferrohaem state for the maximum enzyme activity (Tanaka & Knox, 1959; Civen & Knox, 1960; Knox & Ogata, 1965; Schimke et al., 1965a; Schimke, 1970; Ishimura, 1970; Brady et al., 1971) .
Previous investigators, who reported that rat liver tryptophan 2,3-dioxygenase did not act on D-tryptophan, used a H202-generating system (Knox & Mehler, 1950; Civen & Knox, 1960) or ascorbate (Tanaka & Knox, 1959; Schimke, 1970) (Fig. 1 , curves 1) as reported for L-tryptophan cleavage by the rat liver and pseudomonad enzymes (Tanaka & Knox, 1959 Vol. 189 ascorbate were also observed (Fig. 1, curves 2-4) . The concentration of ascorbate required for halfmaximal activation was about 25,UM in both cases. At greater concentrations of ascorbate, the results were complicated. When L-tryptophan was used as substrate, above 0.1 mM-ascorbate no further stimulation was observed (Fig. la , curves 5-7) and above 1.0 mM-ascorbate inactivated the enzyme (results not shown). However, above 0.25 mM-ascorbate was inhibitory with D-tryptophan as substrate (Fig. lb,  curves 5-7) . The addition of appropriate amount (2.0nM) of catalase in the presence of 0.5mM-ascorbate restored the D-tryptophan cleaving activity (Fig. lb, dotted curve 8 ) whereas the Ltryptophan cleaving activity was rather inhibited under the same conditions (Fig. la, dotted curve 8) , indicating that the D-tryptophan cleaving activity is more easily inactivated by H202 (probably generated by the auto-oxidation of ascorbate) compared with the activity toward the L-isomer. The purified enzyme from mouse liver (1.82pg) was assayed at 250C by using procedure A with 0.2 mM-DL-alanine and various concentrations of pig kidney D-amino acid oxidase: 1, OmU; 2, 0.1 mU; 3, 0.5mU; 4, 2.OmU (1U= lumol of H202 generated/min at 250C).
, L-tryptophan as substrate; ----, D-tryptophan as substrate. activity was observed by using a H202-generating system (Fig. 2) or H202 itself (O.1-1.0,uM, results not included). When H202 was generated enzymatically under conditions similar to those described by Knox & Mehler (1950) , the D-tryptophan cleaving activity was hardly detectable (Fig. 2 , dotted curve 3), whereas the L-tryptophan cleaving activity was somewhat stimulated (Fig. 2, curve 3) . These results suggest that the D-tryptophan cleaving activity was not sufficiently activated by such activators. Therefore, a Methylene Blue/ascorbate/ catalase system, as used for the assay of indoleamine 2,3-dioxygenase (Yamamoto & Hayaishi, 1967) , was tested for the assay of both activities because this system was expected to activate the enzyme without the involvement of H202. Fig. 3 shows a comparison of the effect of the activators on the time course of the reaction catalysed by the enzyme purified from mouse liver. When L-tryptophan was used as substrate ( Fig. 3a) , at the optimum concentrations of Methylene Blue (10puM), ascorbate (5.0mM) and catalase (1.0,UM) (curve 3), the lag time was abolished and the reaction rate increased to about 3-fold that obtained without the activators (Fig. 3a, curve 1 ) and to approx. 1.5-fold that obtained at the optimum concentration of ascorbate alone (Fig. 3a, curve 2) .
The reaction rate with these three activators was nearly equal to that obtained by the photodissociation of the CO-enzyme-L-tryptophan complex (Fig. 3a, dotted curve 4) . Since the reaction rate obtained by photodissociation was considered to be that obtained from the fully active ferrohaem form of the enzyme (Taniguchi et al., 1979) , the rate with the three activators indicated nearly full activity of the enzyme. Therefore, the assay conditions with the three activators are better than the previous assay conditions with ascorbate alone, even for the L-tryptophan cleaving activity. On the other hand, when D-tryptophan was used as substrate (Fig. 3b) , the effect of these three activators was much more pronounced. In the presence of these activators (Fig.  3b, curve 3) , the lag time was abolished and the reaction rate was much higher than that obtained with (Fig. 3b, curve 2) or without (Fig. 3b, curve 1) ascorbate. In the presence of such a large amount (1,UM) of catalase, both Methylene Blue and ascorbate were essential for cleavage of both D-and L-tryptophan; activity was much diminished if either was omitted. When catalase was omitted, the initial rate of the reaction was scarcely altered but the reaction rate decreased with time. as follows: Methylene Blue, 0.8 and 0.6uM; ascorbate, 0.4 and 0.35 mM; catalase, 50 and 38 nM, respectively. Haematin was reported to be an effective activator of the conversion of the apoenzyme into the holoenzyme for rat liver tryptophan 2,3-dioxygenase (Feigelson & Greengard, 1961; Knox & Ogata, 1965) . However, for the mouse liver enzyme, the extent of activation by the addition of haematin (0.1-1.OpM) to the incubation mixture containing ascorbate alone (0.1 mM) or the three activators was within 10% of the D-and L-tryptophan cleaving activities in the supernatant of the liver and also within 10% of both activities in liver induced by the administration of L-tryptophan and hydrocortisone, indicating that the apoenzyme was at most 10% of the enzyme in liver extract and in the starting material of the enzyme purification. Further, a requirement of haematin for either activity was not observed with the purified enzyme or the enzyme at any stage of purification under the standard assay conditions. Haematin was required for both activities only when the enzyme activity was determined in an incubation mixture containing a greater concentration (>0.5 mM) of ascorbate as a sole activator and when the enzyme was purified without CO, especially at the hydroxyapatite column step.
D-and L-Tryptophan cleaving activities in mammalian liver
The apparent D-and L-tryptophan cleaving activities of the supernatant fraction (30000g, 30 min) of liver homogenates were measured by using procedure B with D-and L-[ring-2-I4C]tryptophan as substrates. Significant activities were observed in the supernatant of all mammalian livers examined. The ratio of D-and L-tryptophan cleaving activities was variable (0.07-0.67) depending on the species of animals used ( Table 1 ). The lowest ratio was detected in the supernatant of rat liver, which has been exclusively used as the source of hepatic tryptophan 2,3-dioxygenase by previous investigators (Knox & Mehler, 1950; Tanaka & Knox, 1959; Civen & Knox, 1960; Schimke, 1970; Schutz & Feigelson, 1972; Feigelson & Brady, 1974) . The ratio of the two activities in the supernatant of mouse liver was 0.23, and the specific activities were the highest among the mammalian livers tested. Therefore, mouse liver was used for further investigations to determine the origin of the D-tryptophan cleaving activity. Induction ofboth activities Administration of hydrocortisone and/or Ltryptophan was reported to induce tryptophan 2,3-dioxygenase in rat liver (Knox & Mehler, 1950; Schimke et al., 1965b) . Hydrocortisone acetate alone (37.5,ug/g body wt.), L-tryptophan alone Vol. 189
(1 mg/g body wt.) or both were given to mice (five in each group) intraperitoneally, and 4 h later the specific enzyme activity for L-tryptophan of the supernatant of the liver was elevated 3-fold (342pmol/min per mg of protein at 250C), 2.5-fold (265pmol/min per mg) and 6-fold (640pmol/min per mg), respectively, as compared with that (108 pmol/min per mg) of the control animals injected with saline. The specific activity for the Purification ofenzymefrom mouse liver The purification was performed as described in the Experimental section. The overall purification achieved was about 3000-fold with a yield of 2% (Table 2) . Unless L-tryptophan and CO were used as stabilizers, both D-and L-tryptophan cleaving activities were extremely unstable and decreased especially at low protein concentrations and at low ionic strength. D-Tryptophan was much less effective as a stabilizer of the enzyme than the L-isomer. During all column chromatographies, only one peak of enzyme activity was observed. As shown in Table  2 , the D-tryptophan cleaving activity was co-purified with the L-tryptophan cleaving activity, maintaining a constant ratio (0.26) throughout the purification. The final preparation, apparently homogeneous as judged by polyacrylamide-gel electrophoresis ( Fig. 4a) , had specific activities of 0.55 and 2.13,umol/min per mg of protein at 25°C toward Dand L-tryptophan, respectively., The specific activity for L-tryptophan was comparable with that of tryptophan 2,3-dioxygenase from, rat liver (Schimke, 1970; Schutz & Feigelson, 1972) .
Identification of reaction products from D-and L-tryptophan D-or L-[benzene-U-"4ClTryptophan was incubated with the purified enzyme as described in the legend to Fig. 5 . N-Formylkynurenine, the direct reaction product, was hydrolysed to kynurenine and formic acid by the action of the purified formamidase to facilitate the quantification and the stereospecific analysis of the reaction product.
["4C]Kynurenine derived from [benzene-U-14C]tryptophan was separated from the substrate by using a polyamide column as described by Fujiwara et al. (1979) . The recovery of internal authentic kynurenine throughout the column was estimated by measurement of A360 (E= 1.33mm-I cm-I in 0.1M-HCl). The amount of ["4C] 
Inactivation and inhibition ofthe enzyme
In order to verify that the D-and L-tryptophan cleaving activities of the apparently homogeneous enzyme were derived from a single protein, inactivation by heat and inhibition by various compounds were studied. After heat treatment for 15 min at different temperatures, the extent of inactivation of both activities was essentially the same, as shown in Fig. 6 . Table 3 shows that both activities decreased to nearly the same extent when the reaction was carried out in the presence of various compounds, including thiol-specific reagents, KCN, NaN3, and indole derivatives. KCN, NaN3 (Tanaka & Knox, 1959) and indole derivatives (Frieden et al., 1961) were reported to be inhibitors of rat liver tryptophan 2,3-dioxygenase. Although assay mixture as one of the activators, was reported" to be inhibited by KCN and NaN3 (Chance, 1952) ,' the extent of inhibition of the dioxygenase activities was not altered in the presence of a 10-fold greater concentration of catalase. No inhibition by superoxide dismutase or Tiron (1,2-dihydroxybenzene-3,5-disulphonic acid) was observed with either activity of the purified enzyme, whereas indole-' amine 2,3-dioxygenase has been reported to be inhibited by 70-and 75% in the presence of superoxide dismutase (6 pM) and Tiron (10mM), respectively . All other attempts, including isoelectric focusing and gel electrophoresis, to separate the two components responsible for the two activities were unsuccessful. These results strongly suggest that a single enzyme degrades both stereoisomers, D-and L-tryptophan. Kinetic studies on the active site The nature of inhibition by the substrate analogue indole-3-acrylic acid, was investigated. This compound, a potent non-metabolizable inhibitor of rat liver tryptophan 2,3-dioxygenase (Frieden et al., 1961) , acted as a competitive inhibitor for both the D-and L-tryptophan cleaving activities of the purified enzyme from mouse liver (results not shown). TIW K; values for indole-3-acrylic acid against the D-and L-tryptophan cleaving activities were essentially the same (6.8 and 4.5 pM, respectively). The molecular weight of the enzyme was determined to be 150000 by gel filtration on Sephadex G-200. The molecular weights of the subunits were estimated to be 37000 and 40000 by SDS/polyacrylamide-gel electrophoresis (Fig. 4b) . One mol of the enzyme contained 1.95 mol of protohaem IX as a prosthetic group, as well as 2.23 mol of iron and a trace amount (0.02 mol) of copper, as analysed by the procedure described in the Experimental section. These molecular properties appear to be similar to those of rat liver tryptophan 2,3-dioxygenase (Schutz & Feigelson, 1972) . The optimum pH values of both activities of the purified enzyme were the same (pH 7.3). The substrate specificity of the purified enzyme was examined by measuring the increase in absorbance at each absorption maximum of the product corresponding to formylkynurenine (Shimizu et al., 1978) Stereospecificity of the purified tryptophan 2,3-dioxygenases from rat liver and Pseudomonas
The highly purified enzymes from rat liver and Pseudomonas fluorescens were assayed with D-and L-[ring-2-14Cltryptophan as substrates under the Vol. 189 standard assay conditions described in the present paper. As shown in Table 4 , the hepatic enzyme significantly acted on D-tryptophan. However, the bacterial enzyme did not act on the D-isomer.
Discussion
du Vigneaud et al. (1932) and Berg (1934) demonstrated that D-tryptophan could be utilized for growth of young rats as effectively as the L-isomer. This phenomenon has been interpreted to be due to the inversion of D-tryptophan to the L-isomer, via indolepyruvic acid, before further metabolism, evidence for which has been obtained in mammalian liver and kidney slices by Kotake & Goto (1937 , 1941 . However, other studies on D-tryptophan metabolism indicated the direct conversion of D-tryptophan to D-kynurenine via N-formyl-D-kynurenine. Kotake Jr. & Ito (1937) isolated large amounts of D-kynurenine from the urine of rabbits fed D-tryptophan. Berg and co-workers obtained similar results with rats (Borchers et al., 1942) and humans (Langner & Berg, 1955) . Because the well-known hepatic tryptophan 2,3-dioxygenase was reported to be inactive with D-tryptophan by Knox and co-workers (Knox & Mehler, 1950; Tanaka & Knox, 1959; Civen & Knox, 1960) , the enzyme responsible for conversion of D-tryptophan into D-kynurenine was sought and a D-tryptophan pyrrolase was isolated and partially purified from rabbit small intestine in this laboratory (Higuchi & Hayaishi, 1967; Yamamoto & Hayaishi, 1967) . Since then, D-kynurenine in the urine has been considered to be solely derived from the action of this newly discovered enzyme, which is now referred to as indoleamine 2,3-dioxygenase because of its broad substrate specificity (Hirata et al., 1974) . Indoleamine 2,3-dioxygenase has been shown to be widely distributed in various tissues and organs of mammals, except in the liver . However, Berg and co-workers (Loh & Berg, 1971; Rodden & Berg, 1974) suggested the possible conversion of D-tryptophan into D-kynurenine using the crude and partially purified enzyme preparations from rat liver. Therefore, we examined the supernatant fraction of the liver of several species of mammals, which resulted in the finding of a significant D-tryptophan cleaving activity as well as an activity toward the L-isomer (Table 1) . Since the conversion of D-tryptophan to the L-isomer by the supernatant fraction of the liver was reported by Rodden & Berg (1974) to be almost negligible, the activity toward D-tryptophan measured in the present study can be considered to represent the reaction rate of the direct conversion of D-tryptophan to N-formyl-D-kynurenine. Based on the results of the above screening test, the enzyme was purified from mouse liver to investigate the origin of the D-tryptophan cleaving activity in the liver.
The purified enzyme from mouse liver was similar to the tryptophan 2,3-dioxygenase purified from rat liver (Schimke, 1970; Schutz & Feigelson, 1972) and dissimilar to indoleamine 2,3-dioxygenase purified from mouse epididymis (K. Nakata, Y. Watanabe & 0. Hayaishi, unpublished work) and rabbit small intestine (Shimizu et al., 1978) , with respect to molecular and catalytic properties. Further, inhibition by substrate or by scavengers of superoxide anion, both of which are characteristic of indoleamine 2,3-dioxygenase (Yamamoto & Hayaishi, 1967; , was not observed with the mouse liver enzyme (Table 3 ). The data obtained in the present study established that a single enzyme, tryptophan 2,3-dioxygenase, catalyses both D-and L-tryptophan cleavages in the liver. The discrepancy concerning the stereospecificity of hepatic tryptophan 2,3-dioxygenase between the present results and the results of the previous investigators (Knox & Mehler, 1950; Tanaka & Knox, 1959; Civen & Knox, 1960; Schimke, 1970; Feigelson & Brady, 1974) may be explained by the following three reasons. They used (1) a much less sensitive method for the enzyme assay than our method with radioactive substrate, (2) rat liver as the enzyme source, in which the ratio of D-and L-tryptophan cleaving activities was quite low (0.07) even under our assay conditions (Table 1) , and (3) ascorbate (around 0.5 mM) or a H202-generating system as an activator of the enzyme reaction. Under their assay conditions with either of these activators, the D-tryptophan cleavage catalysed by the purified enzyme from mouse liver would be specifically decreased (Figs. 1 and 2 ). From our preliminary spectral studies with mouse liver enzyme, destruction of the haem by an excess of H202 was observed in the presence of D-tryptophan but not in the presence of the L-isomer (Y. Watanabe & M. Sono, unpublished work). Therefore, one likely explanation for the apparent inactivation of the enzyme specific for D-tryptophan as substrate would be that L-tryptophan could prevent the enzyme from being inactivated by excess H202 under the assay conditions, whereas D-tryptophan could not show such a protective effect. The following three reports may support this interpretation. Civen & Knox (1960) first reported that D-tryptophan was much less effective than the L-isomer as a stabilizer of rat liver tryptophan 2,3-dioxygenase against heat. Schimke et al. (1965a) described similar results with heat, ethanol, urea and trypsin treatment. Knox & Piras (1967) also reported that the D-isomer promoted the conjugation of the apoenzyme from rat liver with haematin much less than did the L-isomer.
Under the assay conditions containing Methylene Blue, ascorbate and catalase, the enzyme appears to be fully activated. Brady et al. (1971) reported that reductive activation of aerobically aged rat liver tryptophan 2,3-dioxygenase (in the ferric form) by ascorbate was caused by H202 (and superoxide anion) generated by the auto-oxidation of ascorbate as well as by direct transfer of electrons from ascorbate to the enzyme. Under the present assay conditions, neither excess amounts of catalase nor scavengers of superoxide anion inhibited the enzyme reaction, indicating that H202 and superoxide anion are not involved in the activation of the enzyme by the above three activators. Therefore, the requirement for catalase can be explained by its protective effect against the inactivation of the enzyme caused by excess H202. However, the role of Methylene Blue in the activation of the enzyme remains unknown and is currently under investigation.
